
Biosensors and Bioelectronics 157 (2020) 112161

Available online 20 March 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.

Norepinephrine as new functional monomer for molecular imprinting: An 
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A B S T R A C T   

The continuous research for alternatives to antibody-based detection drove, in the last decades, the development 
of numerous strategies. Molecularly imprinted polymers (MIPs) emerged thanks to the low-cost and long-term 
stability features, where the choice of natural functional monomer(s) represents the key step for efficient 
imprinting of biomolecules. The chemical structure of dopamine (DA), one of the most used natural functional 
monomers, provided the inspiration for this work. We wondered why norepinephrine (NE) that differs from 
dopamine only for an additional hydroxyl group was not investigated at all in biosensing applications. In fact, 
there is only one paper exploiting polynorepinephrine (PNE) in molecular recognition applications, taking 
advantage of molecular imprinting, but not for biosensing purposes. In contrast, hundreds of papers describe 
polydopamine-based sensors. Therefore, we firstly investigated how the additional hydroxyl group of NE could 
affect the properties of the resulting polymer, and how these properties could be exploited for biosensing ap
plications. The results highlighted the reduced non-specific adsorption of proteins onto PNE with respect to 
dopamine polymer. Furthermore, as a case study, we successfully developed a PNE-based imprinted biosensor for 
the early detection of Troponin I, a crucial biomarker for heart failure, by coupling the MIP biosensor with 
surface plasmon resonance (SPR) detection. The results indicate the feasible use of imprinted PNE as synthetic 
receptor for biomolecules, opening new perspectives for this biopolymer, so far not considered, and encouraging 
further investigations on its potential application in biosensing.   

1. Introduction 

The use of biomimetic receptors for the development of innovative 
and antibody-free analytical platforms, including affinity sensing, rep
resents an important challenge in bioanalytical chemistry. In this field, 
MIPs emerged as particularly useful tools for biosensing applications 
(Uzun and Turner, 2016; Zaidi, 2017) thanks to the low-cost and 
long-term stability features, where the choice of natural functional 
monomer(s) represents the key step for efficient imprinting of bio
molecules. Dopamine encountered an impressive success as functional 
monomer for molecular imprinting of polydopamine (PDA) (Palladino 
et al., 2019, 2018; Zaidi, 2019; Zhang et al., 2018) while NE, differing 
from DA only for an additional hydroxyl group (Fig. 1a), has not yet 
been exploited for MIP-based biosensing. 

In the last ten years PNE has been investigated in various applica
tions, including modification of surfaces for immobilization of enzymes 
in nanobiocatalysis, or as coating for drug release nanosystems 

(Baldoneschi et al., 2020; He et al., 2019; Kang et al., 2009; Nejad et al., 
2018; Yang et al., 2015). In few cases NE was exploited as template for 
molecular imprinting, for example in chromatographic chiral separation 
of neurotransmitters, and in electrochemical and quantum dots-based 
sensing for NE determination (Casadio et al., 2017; Huang et al., 
2011; Rosy et al., 2014; Wei et al., 2014). However, to the best of our 
knowledge, only one paper dealing with PNE imprinting has been 
published. It consists in a solid phase polymer for the enantio-separation 
of small molecules, where NE has been polymerized in presence of the 
chiral templates (L-amino acids, S-(� )-ofloxacin and S-(� )-binaphthol) 
on the surface of magnetic nanoparticles (Chen et al., 2015). 

In this framework, we recently started to investigate new outlooks of 
PNE in bioanalytical chemistry (unpublished results) and here we report 
the first example of PNE-based MIP as recognition element for affinity 
sensing, opening to the perspective use of other catecholamine family 
members in molecular imprinting. 

Both these catecholamines, DA and NE, are essential 
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neurotransmitters and are able to easily self-polymerize in alkaline 
conditions through oxidative polymerization, by forming adherent films 
on various type of surfaces, such as noble metals, metal oxides, glass and 
synthetic polymers (Blows, 2000; Jeon and Kang, 2013; Palladino et al., 
2019, 2018; Scarano et al., 2019, 2018; Zaidi, 2019). 

On the other hand, two features distinguish PNE from PDA: the 
presence of the hydroxyl group in the benzylic position of NE (Fig. 1a) 
and the smoothness at the nanometer scale given by the intermediate 
3,4-dihydroxybenzaldehyde norepinephrine (DHBA-NE) isolated by 
Hong et al. by HPLC-MS, whose structure solved by NMR spectroscopy 
(Hong et al., 2013; Yang et al., 2015). Therefore, the repeated hydroxyl 
functional groups of PNE should lead to higher hydrophilicity of the MIP 
surface, reducing the non-specific adsorption of proteins and favoring 
the selective binding of the target analyte. Furthermore, the smooth MIP 
surface could circumvent the limits of dopamine concerning the un
controllable surface morphology and the formation of precipitates dur
ing the polymerization (Hong et al., 2013). In a recent work, we 
presented the first example of epitope-imprinted surface plasmon reso
nance (SPR) biosensor based on PDA for cardiac Troponin T (TnT) 
detection (Palladino et al., 2018), one of the preferred biomarkers in 
acute myocardial infarction (AMI) diagnosis. The epitope approach, 
wherein only short peptides belonging to the protein structure are 
printed, can overcome the drawbacks of the whole protein imprinting in 
MIPs. In particular, this choice improves the sensor selectivity by 
minimizing the non-specific binding; circumvents the problem of 
conformational changes of the template; and reduces the costs, since 
peptides are considerably less expensive than the full proteins (Singh 

et al., 2017). In the present paper, PNE is investigated for 
epitope-imprinting and compared to PDA performances by optical bio
sensing. As a case study, we report here the detection of Troponin I (TnI), 
i.e. the subunit ‘I’ of the troponin complex I-C-T, which is another crucial 
biomarker for AMI diagnosis (Wettersten and Maisel, 2015; Zahran 
et al., 2018). We first explored, by contact angle measurements, the 
enhanced hydrophilicity of PNE coated surfaces with respect to PDA, 
and then the resulting effects on the non-specific adsorption of proteins 
through SPR biosensing. Finally, the imprinting of two short TnI pep
tides on PNE has been performed on gold sensor chips and the sensing 
efficiency and selectivity of the relative optical biosensor has been 
investigated in buffer and in human plasma by means of SPR, a reference 
platform for label-free detection of macromolecular interactions 
(D’Agata et al., 2017; Palladino et al., 2018, 2016; 2011; Torrini et al., 
2019). 

2. Material and methods 

2.1. Reagents 

Dopamine hydrochloride, �-norepinephrine hydrochloride, tris 
(hydroxymethyl)aminoethane hydrochloride (Tris-HCl), hydrochloric 
acid, acetic acid, human serum from human male AB plasma sterile- 
filtered, bovine serum albumin, glycine, sodium dodecyl sulphate 
(SDS) and Tween-20 were purchased from Merck (Italy). The synthetic 
C-terminus peptide of TnI (residues 197-210: ALSGMEGRKKKFES) and 
the N-terminus peptide of TnI (residues 28-40: AYATEPHAKKKSK) were 
identified according to the epitope-imprinting strategy (see paragraph 
2.3) previously applied to TnT (Palladino et al., 2018) and then pur
chased from Genscript (USA). Bare gold and streptavidin coated gold 
sensor chips were purchased from GE Health Care (Italy). Recombinant 
human cardiac troponin I-C complex (TnIC) was purchased from Spec
tral Medical Inc (USA). Anti-human troponin I mouse monoclonal an
tibodies 19C7 and TPC110 clones, were purchased from Hytest 
(Finland) and SDIX (USA), respectively. Pierce streptavidin magnetic 
beads were purchased from Fisher Scientific (Italy). Biotinylated mouse 
monoclonal troponin I antibody (MF4 clone), anti-troponin C antibody 
(OTI5H3 clone), and anti-troponin C antibody conjugated to alkaline 
phosphatase (LS-C511913 clone) were purchased from Novus Bi
ologicals (Italy). 

2.2. Contact angle measurements 

The surface wettability of three different substrates (i.e. glass, poly
styrene and gold), with or without PNE or PDA coating, was determined 
by contact angle measurements. Firstly, the substrates were vertically 
immersed in a solution of PNE or PDA (5 g L� 1 in 20 mM Tris-HCl pH 
8.5) for 24 h at 25 �C, then they were gently washed with H2O and dried 
under nitrogen flush. The image of a 10 μL drop of water was captured, 
after 30 s from the deposition, by a smartphone camera equipped with a 
macro lens (15X magnification, Evershop). The images were processed 
by ImageJ software using DropSnake plugin. 

2.3. Analyte and template selection 

The cardiac troponin complex is constituted by troponin I, T and C 
(TnI, TnT and TnC) and it is responsible for cardiac muscle contraction. 
Upon myocardial infarction troponin is released from myocytes in the 
blood in the following forms: a) trimeric complex I-T-C; b) free TnT, TnI 
and TnC; c) dimeric complex TnIC (Park et al., 2017). TnI and TnT are 
formally preferred as targets for cardiac injury immunoassays, consid
ering that their isoforms are specific for skeletal or cardiac muscle 
(Wettersten and Maisel, 2015). However, cardiac and skeletal isoforms 
of TnC are equivalent, thus TnC assays would not be suitable for patients 
with skeletal muscle disease or trauma. Concerning TnI, the purified 
form is highly susceptible to proteolysis, while in the dimeric complex 

Fig. 1. (a) Chemical structure of NE and DA and representative images of water 
drops on untreated (UN) or treated glass, PS and gold surfaces coated with PDA 
or PNE. (b) Contact angle measurements reported as mean value of four rep
licates, determined 30 s after the drop deposition. 
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TnIC, TnI is protected by TnC that interacts with the TnI central region 
(Katrukha et al., 1998; Morjana, 1998). Moreover, TnIC complex was 
found to be predominant in the blood of AMI patients, with respect to 
the tertiary complex I-C-T and to free TnI (Giuliani et al., 1999; Katrukha 
et al., 1997). Therefore, we selected TnIC as target analyte, as the 
monomeric form is extremely unstable and present at a lower level in the 
blood of AMI patients (Katrukha et al., 1998). In the template selection 
for the imprinting process we followed the epitope approach, which is 
usually applied to preserve or increase the biological recognition capa
bility of more complex and expensive physiological molecules (Accardo 
et al., 2011; Palladino et al., 2018, 2012). Here the epitope approach 
helps to circumvent the difficulties of the whole protein imprinting, due 
for example to the large size and to conformational changes that can 
occur in non-physiological conditions (Ansari and Masoum, 2019). The 
TnI peptides selection was then made according to chemical composi
tion and to structural considerations based on the X-ray crystal structure 
of troponin complex (PDB ID: 4Y99; 1J1E. Takeda et al., 2003). TnI is a 
209 amino acids long protein consisting in five domains. The X-ray 
structure indicates that the region between residues 42 and 136 (i.e. IT 
arm) is characterized by two helices connected by a short linker 
(Katrukha, 2013). The high rigidity of this domain could represent an 
obstacle for the imprinting process, since the helical conformation could 
not be preserved by the analogous peptides in solution and during the 
polymerization. In addition, the central region of TnI is almost super
imposable to sequence of slow and fast skeletal muscle subtypes, which 
could impair the specific recognition of TnI. On the contrary, the 
C-terminal and N-terminal regions of TnI are specific for the cardiac 
isotype, are flexible and rich in lysine, whose amine groups should favor 
the interaction of TnI peptides with catecholamine during polymeriza
tion (Palladino et al., 2018). Taking into account of these considerations, 
the C-terminal region 197–210 and the N-terminal region 28–40 were 
selected as templates for the imprinting process. 

2.4. Sensor chips preparation and SPR experiments set up 

Bare gold SPR chips were coated with PDA or PNE films by applying 
a 5 g L� 1 solution of DA or NE respectively by drop casting, in 20 mM 
Tris-HCl pH 8.5, in presence (MIP) or not (NIP) of the template (1 g L� 1). 
After 5 h at 25 �C each chip surface was gently washed with acetic acid 
(aq. 5% v/v), 10 mM Tris-HCl pH 8.5, and H2O. The polymer-coated 
sensor chips were mounted into the SPR instrumentation and condi
tioned at 5 μL min� 1 at 25 �C in PBS pH 7.4 as running buffer. The 
measurements were conducted by injecting the analyte (20 μL) on the 
optical sensor surfaces (flow rate: 5 μL min� 1; temperature: 25 �C) on 
single or double flow channel mode. After each binding measurement, 
the surfaces were regenerated by 0.05% SDS (10 μL) and 10 mM HCl (10 
μL) in water. All the SPR experiments were performed on Biacore™ X 
and Biacore™ X100 machines (GE Healthcare) and the data were 
analyzed by BIAevaluation 3.1 software. 

2.5. Analyte extraction from human serum 

The extraction of the target TnIC from human serum was performed 
through streptavidin-coated magnetic beads, functionalized with a 
biotinylated anti-TnI antibody. After removal of the starting supernatant 
by magnetic separation, the magnetic beads (0.5 mg) were washed with 
1 mL of binding/wash buffer (Tris-buffered saline including 0.1% of 
Tween-20). A 10 mg L� 1 solution of the TnIC antibody (clone MF4) in 
binding buffer was added to the beads and the mixture was incubated for 
1 h at room temperature with mixing. The beads were collected and 
washed with wash buffer (4 � 500 μL), then the spiked sample was 
added to the functionalized beads and the mixture was incubated for 2 h 
at room temperature. The beads were washed with wash buffer (4 � 500 
μL) and finally, the analyte was eluted with glycine pH 4.0 (100 μL) and 
neutralized with PBS pH 7.4 (400 μL). 

3. Results and discussion 

The polymerized PNE was evaluated in its behavior in coating chip 
surfaces with special attention on surface wettability, non-specific 
adsorption versus real matrix potential components (proteins), 
imprinting and MIP realization with desired specificity, eventually 
Troponin I, a key marker in acute myocardial infarction (AMI), analyt
ical application of the MIP in matrices of clinical interest (serum). 

3.1. Enhanced surface wettability induced by PNE 

We determined the surface wettability of three different substrates (i. 
e. glass, polystyrene (PS) and gold), untreated (UN) or treated with PNE 
or PDA coating, by contact angle measurements, in order to evaluate the 
hydrophilic character induced by the growth of the two polymers on the 
surface. As expected, both PDA and PNE coating induced a higher 
wettability in all the materials with respect to the untreated surfaces 
(Fig. 1a). However, the treatment with PNE coating caused a larger in
crease of the wettability respect to PDA, resulting in a difference of 29�, 
31� and 42� for glass, PS and gold, respectively, versus the uncoated 
samples (Fig. 1b). The presence of the hydroxyl group spread over the 
PNE polymeric network likely increases the hydrophilicity of the sur
face, with respect to PDA coatings, that do not contain the same func
tional groups. Such enhanced hydrophilicity of PNE could limit the 
hydrophobic interactions that are responsible of the non-specific bind
ing of proteins on PDA coatings, thus favoring the specific interactions 
on MIP surfaces (Buchwalow et al., 2011; Kastritis and Bonvin, 2012). 

3.2. Non-specific adsorption on PNE compared to PDA 

Non-specific binding (NSB), caused by matrix components, is a 
critical parameter in SPR, as well as in generic microfluidic biosensors, 
since it may produce false-positive results that mask the signal of the 
target analyte, reducing the accuracy of the assay. The protein- 
adsorption capacity of PDA-coated surfaces is extensively reported in 
literature (Goh et al., 2018; Ku et al., 2010; Pop-Georgievski et al., 2011; 
Sy et al., 2018). PNE shares with PDA the same active groups, but we 
hypothesized that the presence of the additional hydroxyl function of 
NE, spread over all the polymeric network, could reduce the hydro
phobic interactions between proteins and polymer that are among the 
causes of NSB, thanks to the higher hydrophilic character of the surface. 
In our experiments, PDA and PNE have been grown directly onto the 
gold surface of SPR sensor chips for 5 h at room temperature without any 
template (NIP) to assess the protein adsorption capacity, regardless of 
surface imprinting. The protein adsorption capacity of PNE and PDA 
films was tested toward three proteins of different nature: bovine serum 
albumin (BSA); anti TnC antibody (OTI5H3 clone) and TnIC. The first 
one is a protein widely used as blocking agent in immunoassays, because 
it readily adsorbs on foreign surfaces dominating the first stages of 
proteins adsorption (Peters, 1996). OTI5H3 is a representative mono
clonal antibody anti-TnC, regularly used in TnI detection assays in order 
to ensure the capture of the dimeric complex TnIC. Finally, TnIC is 
considered the target analyte in our application study, as previously 
described, thus we were interested in evaluating possible NSB with the 
not imprinted polymer, to obtain information about the selectivity of the 
following MIP. Fig. 2 shows that BSA (1 g L� 1), as well as the antibody 
and TnIC (1 mg L� 1), were highly adsorbed on the PDA film, by resulting 
in 1.944 � 657, 759 � 43 and 571 � 123 resonance units (RU) from SPR 
experiments, respectively on three replicates. On the contrary, the 
protein adsorption is strongly reduced on the PNE film, up to 87% for 
BSA, 93% for the antibody and 60% for TnIC, suggesting that the pres
ence of the hydroxyl function in the polymeric network of PNE could 
reduce the hydrophobic interactions responsible of NSB. In addition, the 
experiments performed on the PNE sensor chip resulted more repro
ducible then those performed on the PDA film, as indicated by the lower 
standard deviation bars. 
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3.3. PNE epitope imprinting 

The C-terminal (197ALSGMEGRKKKFES210) and N-terminal (28AYA
TEPHAKKKSK40) peptides of TnI were separately used as template in 
PNE imprinting process, according to the epitope-approach (Fig. 3a) and 
to the structural considerations described before. In particular, the bare 
gold sensor chips were kept in contact with a mixture of 5 g L� 1 NE and 
1 g L� 1 solution of C-terminal, or N-terminal, peptide in 20 mM Tris-HCl 
pH 8.5, for 5 h at 25 �C (step 1). After template removal with acetic acid 
(5% v/v) and washing with Tris-HCl pH 8.5 and H2O (step 2), the 
imprinted sensor chips were tested for their binding capacity toward 
TnIC (step 3). Fig. 3b shows that the imprinting with the N-terminal 
peptide resulted in a higher SPR response, by gaining about further 100 
RU with respect to the biosensor imprinted with the C-terminal of TnI. In 
addition, by comparing these results with the one obtained on the NIP 
sensor chip, the imprinting of PNE led to an improved binding capacity 
and to a better reproducibility, as expected, likely thanks to the selective 
capture of the analyte. 

3.4. MIP selectivity 

The selectivity of the MIP sensor chip, imprinted with the N-terminal 
peptide of TnI, was investigated by injecting a panel of proteins and 
antibodies that could lead to NSB on the sensor surface, hence leading to 
false-positive results in a hypothetic TnI bioassay. The following pro
teins were injected: a) TnT, i.e. the other monomer forming the troponin 
complex; b) human serum albumin (HSA), being the main component of 
human serum; c) TPC110, 19C7 and MF4, which are three mouse 
monoclonal anti-TnI antibodies commonly used in commercial TnI im
munoassays. TnIC, TnT and HSA were injected at 20 nM concentration, 
while the antibodies were used at 7 nM, corresponding to 1 mg L� 1. As 
result, the MIP biosensor showed an excellent selectivity toward the 
target TnIC, which was the main analyte interacting with the imprinted 
biosensor (Fig. 4). These results make the MIP surface a promising 
synthetic receptor for the development of a TnI sensing assay, thanks to 
the compatibility with eventual interfering reagents present in the 
sample or in the assay kit. 

3.5. Comparing MIP biosensor with an immuno-based sensor chip 

The MIP sensor chip was directly compared to another SPR sensor 
functionalized with anti-TnI antibodies, in order to point out the ad
vantages in the use of a low-cost polymer as an alternative to classic 
antibodies for biosensing applications. Some examples reporting direct 
comparison between antibodies and synthetic receptors are reported in 

Fig. 2. Response of PDA- and PNE-based NIP biosensors at 1 g L� 1 of BSA, 1 
mg L� 1 of anti-TnC antibody (Ab) and 1 mg L� 1 of TnIC. The results are re
ported as mean value of three independent replicates for each analyte injection. 
Each injection was followed by a regeneration step. 

Fig. 3. (a) Scheme of the epitope imprinting strategy: the functional monomer 
NE was polymerized in presence of the TnI peptide (template), which was then 
removed, by living cavities that are able to recognize the whole protein TnIC. 
(b) Response of PNE-based NIP and MIP biosensors at 1 mg L� 1 of TnIC. The 
results are reported as mean value of three replicates for each analyte in
jections. Each injection was followed by a regeneration step. 

Fig. 4. Response of MIP biosensor at 20 nM of TnIC, TnT and HSA; 7 nM 
TPC110, 19C7 and MF4. The protein adsorption (nmol/cm2) values are calcu
lated from the Resonance Unit (RU), considering the different molecular 
weights of the analytes and that 1 RU ¼ 0.1 ng/cm2. The results are reported as 
mean value of three replicates for each analyte injections. Each injection was 
followed by a regeneration step. 
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literature, concerning the detection of small molecules (e.g. alkaloids, 
amino acids, peptides and antibiotics), mostly in the ELISA format, 
where the MIP receptors showed comparable or better performances to 
oriented antibodies (Chianella et al., 2013; Schirhagl et al., 2010; 
Smolinska-Kempisty et al., 2016; Vikholm-Lundin et al., 2008). To the 
best of our knowledge, no comparative studies have been made between 
imprinted polycatecholamines and antibodies for the recognition of 
proteins. Here we reported preliminary data on the comparison between 
the PNE-based MIP biosensor and a classical oriented-antibody-based 
platform. In particular, the binding capacity of the MIP biosensor to
ward the target analyte TnIC was compared to that given by a com
mercial gold sensor chip with pre-immobilized streptavidin (SA), that 
we subsequently functionalized with a pair of biotinylated anti-TnI an
tibodies regularly used in commercial bioassays for TnI detection 
(Fig. 5). After conditioning the SA sensor chip in HBS-EP pH 7.4, three 
consecutive injections of 1 M NaCl in 100 mM NaOH (1 min at 5 μL 
min� 1) were performed as recommended by the manufacturer. Then, the 
1:1 mixture of the biotinylated antibodies TPC110 and 19C7 (2.5 mg L� 1 

each) was injected at 5 μL min� 1 for 4 min, showing a SPR response of 
1.020 RU. A second equal injection was performed in order to ensure the 
saturation of the surface (ΔRU ¼ 0). Finally, TnIC (20 nM) was injected 
on the functionalized biosensor (5 μL min� 1, 4 min), resulting in a much 
lower response with respect to the signal obtained with the MIP 

biosensor, which exhibited a higher capture capacity toward the target 
analyte (5.2 times higher). 

3.6. Kinetic analysis and calibration curves 

The binding affinity between TnIC and the MIP surface was assessed 
by SPR measurements, following a Single-Cycle Kinetic set-up (SCK). In 
SCK, a series of increasing concentrations of the analyte is sequentially 
injected, without regeneration steps between each injection. TnIC was 
injected at 5 μL� 1 flow rate at the following concentrations: 2.5, 5, 10, 
15 and 20 nM. The kinetic parameters were then analyzed with the 
BiaEvaluation software, by following the Langmuir 1:1 binding model, 
which assumes a simple reversible bimolecular interaction between the 
analyte and the ligand (Fig. 6a). As result, a KD value of 4.4 nM was 
found by fitting the model with the SPR response, confirming the 
impressive affinity between MIP cavities and TnIC. Furthermore, the 
same kinetic study was also performed on the correspondent MIP PDA- 
based biosensor, in order to compare the affinity of the analyte toward 
both the polymers (data not showed). As result, the PDA biosensor 
presented a good linearity until 10 nM, while for lower concentrations 
the sensitivity decreases. The estimated KD was found to be around 960 
nM, confirming the better affinity of PNE respect to PDA for the selected 
analyte. The sensitivity of the MIP sensor chip toward the analyte TnIC 
was firstly assessed in PBS pH 7.4 by measuring the SPR response to 
different concentrations of TnIC in the low nanomolar range. Each in
jection was followed by a regeneration step. Fig. 6b (orange) shows that 
the imprinted biosensor linearly responds to increasing concentrations 
of TnIC, resulting in a limit of detection of 460 � 56 pM. Even if the use 
of PNE-based MIP allows to limit the non-specific adsorption on sepa
rated plasma components in a satisfactory extent (Fig. 4), we further 
decided to introduce and optimize the pre-analytical extraction of TnIC 
from plasma samples. This step was performed through the use of 
magnetic microbeads, as described in Paragraph 2.5. Briefly, commer
cial streptavidin-coated magnetic microbeads were functionalized with 
a biotinylated anti-TnI antibody (MF4 clone) then, after their incubation 
with the spiked plasma samples, TnIC was eluted at acidic pH, 
neutralized and injected in the SPR platform. The detection of TnIC in 
human plasma (HS) spiked with TnIC at the same concentrations tested 
in buffer is reported in Fig. 6c (orange). As result, the biosensor linearly 
responds to the increasing concentrations of the analyte up to 20 nM 
range, showing a sensibly lower slope and thus a higher detection limit, 
estimated to be 8.9 � 1.9 nM in a direct assay design. The LOD obtained 
by the direct detection of the analyte on the MIP, however, is far from 
the clinical performance requested by the international guidelines, ca. 
40 ng/L (0.45 pM) within the first 6 h from the onset of symptoms. 

Therefore, we extended the development of the assay by introducing 
a monoclonal antibody directed to TnC. The rationale behind this choice 
arises from the fact that the MIP imprinting was designed against the N- 
terminus of TnI monomer. Therefore, we assume that an anti-TnI anti
body as secondary recognition element could be impaired by the limited 
exposition of this subunit towards the bulk. On the contrary, we may 
suppose that the TnC subunit, not directly involved into the direct 
binding with the MIP surface, could be more suitably available for any 
kind of further signal amplification architecture. To this aim, we 
selected the alkaline phosphatase-labeled anti-TnC antibody (LS- 
C511913) to obtain a sandwich-like detection strategy. The presence of 
alkaline phosphatase will allow in the near future to exploit the MIP here 
developed on high-sensitivity colorimetric/fluorimetric platforms, i.e. in 
ELISA-type format, taking advantage of enzyme amplification. To 
demonstrate the feasibility of the idea, the anti-TnC antibody was 
injected on the TnIC already captured on the MIP surface, at increasing 
concentrations in the low nanomolar range. Each injection was followed 
by the addition of the antibody at 10 mg L� 1 and then by a regeneration 
step. The strategy allowed, per se, to lower the detection limit of the 
assay in buffer solution (193 � 30 pM), thanks to the mass enhancement 
evoked by the antibody. The calibration showed an excellent correlation 

Fig. 5. (a) Response of MIP and Ab-coated biosensors at 20 nM TnIC. The 
control channel of the SA chip, with no antibodies, showed a TnIC response of 
29 RU, that was subtracted from the graph. The results are reported as mean 
value of three replicates for each analyte injections. Each injection was followed 
by a regeneration step. (b) Representative sensorgrams about the interaction of 
20 nM TnIC on the MIP (green curve) and on the Ab-coated biosensor (grey 
curve). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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coefficient (R2 ¼ 0.98). 
The approach applied to spiked HS allowed to considerably improve 

both the linearity and the reproducibility (Fig. 6c), even if the LOD was 
maintained in the low nanomolar range (7.1 � 0.6 nM). 

As a whole, the protocol allowed the direct detection of TnIC with 
excellent binding affinity and good selectivity in complex real matrix but 
needs further work to gain the detection limit in human matrix, e.g. 
fluorescence-based instrumentation. 

4. Conclusions 

Here it is presented the first example on the use of NE as functional 
monomer for imprinted optical biosensors and its applicative study on 
the detection of TnI, a crucial biomarker for acute cardiac failures 
(Wettersten and Maisel, 2015; Zahran et al., 2018). The almost totally 
absent interest in PNE-based sensors, in contrast with the impressive 
interest expressed for PDA by the scientific community (2 and 329 
documents in the last 10 years, respectively, source Scopus.com) caught 
our attention (Palladino et al., 2019; Zaidi, 2017). In particular, we 
wondered why this significant gap, despite such a small structural dif
ference between these two biopolymers. Could the additional hydroxyl 
group of NE open new perspectives in the field of molecular imprinting? 
Thus, we were encouraged to investigate the use of NE for the synthesis 

of molecularly imprinted polymers, looking for additional properties 
that could justify its inclusion in the list of successful functional mono
mers for biosensing applications and, in particular, protein detection. In 
this work, we showed how the increased hydrophilicity of PNE surfaces 
can reduce the non-specific adsorption of proteins, driven by the hy
drophobic interactions with the surface, by bringing advantages in terms 
of the MIP biosensor selectivity. As a case study, a PNE-based MIP 
biosensor for TnI coupled with SPR transduction was successfully pre
pared, showing a) excellent selectivity for the target protein; b) higher 
capture capacity, respect to a correspondent antibody-based biosensor; 
c) excellent kinetic binding constant in the very low nanomolar range 
promising results in human matrix. However, an issue on its sensitivity 
remains, and we here report an amplification strategy based on anti-TnC 
antibody labeled with alkaline phosphatase for the perspective appli
cation of the MIP developed on high-sensitivity color
imetric/fluorimetric platforms, i.e. in ELISA-type format, taking 
advantage of enzyme amplification. 
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Fig. 6. (a) Sensorgram (black curve) of the SCK run by injecting five increasing concentrations of TnIC (2.5, 5, 10, 15 and 20 nM) on the MIP biosensor. The red curve 
represents the best fit of the sensorgram with the 1:1 binding model. (b) Linear fitting of MIP response to different concentrations of TnIC in PBS pH 7.4 followed by 
injections of alkaline phosphatase-labeled anti-TnC antibody (blue), compared to the not amplified response (orange). (c) Linear fitting of MIP response to different 
concentrations of TnIC in human serum (HS) followed by injections of alkaline phosphatase-labeled anti-TnC antibody (blue), compared to the not amplified response 
(orange). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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